The effects o f formate on the Hill reaction in isolated broken pea chloroplasts were in vestigated. Addition o f formate to chloroplasts has two distinct effects: I. basal electron flow can be stimulated 3-fold; 2. uncoupled electron flow is inhibited. The stim ulating effect is due to uncoupling by formate and appears instantaneous. M axim al inhibition by form ate is only observed after prolonged illumination. The inhibitory action o f form ate on electron flow can be relieved by bicarbonate *.
Introduction
Effects o f form ate on photosynthetic electron flow are known for som e tim e. Isolated thylakoids th at are incubated in m edia containing form ate, are inhibited in their ability to produce oxygen in the presence o f an artificial electron acceptor [1 -3 ] . The inhibitory effect o f form ate is counteracted by bicarbonate*. As several other anions besides form ate are also inhibitory and as b ic arb o n ate * is the only com pound th at has been show n to relieve this inhibition [ 1] , it was suggested that bind in g o f bicarbonate* to "active sites" on the thylakoids is a requirem ent for the Hill reaction [4] , T he stim ulating effect o f bicarb o n ate* on the Hill reactio n is known as the "bicarbonate-cffect" on electron flow. A lthough it has been proposed that b ic arb o n ate * is involved in oxygen evolution [5, 6 ] , the m ajor site o f the "bicarbonate-effect" appears to be located at the reducing side o f photosystem II, betw een Q A and PQ [7 -9 ] , The reactivation o f the Hill reaction by b ic a r bonate* in form ate-containing m edia is d ep e n d en t on the form ate concentration [10] , F o rm ate seem s to be a com petitive in h ib ito r o f both the bind in g o f bicarbonate* to thylakoids [8 ] and the reactiv atio n o f the Hill reaction by b icarbonate* in C 0 2-depleted chloroplasts [11] , These experim ents how ever refer to an interaction o f b icarb o n ate* and fo rm ate at a regulatory site, perhaps on the Q B-protein, in d a rk ness. From a physiological p o in t o f view it is m ore interesting to study the in teractio n o f fo rm ate and bicarbonate* on electron flow in the light, w hen electron flow is actually taking place. In this p ap e r the effects o f form ate and b icarb o n ate* on th e Hill reaction during prolonged illum ination are reported.
Materials and Methods
Chloroplasts were isolated from leaves o f 1 0 -1 5 days old pea plants (Pisum sativum cv R o n d o ) as described before [3] and the isolated th y lak o id s were frozen and stored at -80 °C. The Hill reactio n was m easured as oxygen evolution w ith a C larktype oxygen electrode eq u ip p ed with a teflon m e m brane of high sensitivity [3] . All experim ents w ere carried out at 25 °C. Hill reaction rates are ex pressed as (imol 0 2/m g Chi • h.
Results and Discussion
Incubation o f isolated chloroplasts in a m ed iu m containing form ate results in an in h ib itio n o f the Hill reaction in the presence o f an uncoupler. If no uncoupler is present a stim u latio n o f electron flow appears (Fig. 1 ). C oncentrations o f 100 mM fo rm ate and higher were found to give a 3-fold stim u latio n o f the basal electron tran sp o rt rate. As a sim ilar stim ulation is observed w ith acetate (d ata not shown), we suggest th a t this stim u latio n o f electron flow is a consequence o f the uncoupling effect o f anions [1 2 , 13] .
The uncoupled Hill reaction ap p ears to be in hibited by form ate and acetate, b u t not by citrate. The Hill reaction rates in Fig. 1 w ere calcu lated from the change in oxygen concen tratio n d u rin g th e first 10 s of the illum ination period. Especially at high form ate concentrations or at low pH th e H ill reaction rate rapidly declines d u rin g illu m in atio n . The decay appears to be a process w ith (p seu d o ) first order kinetics w ith a half-tim e w hich is d e p e n dent on e.g. form ate concentration, pH , surface potential [14] and biotype [15] . Fig. 2 A show s th e tim e-course of the Hill reaction o f u n co u p led chloroplasts in the presence o f 100 m M form ate. D uring illum ination the Hill reactio n declines to a very low value. In a subsequent d ark in terv al th e Hill reaction is not reactivated; only after in c u b a tion with bicarbonate* in the d ark the Hill reactio n can be reactivated. If bicarb o n ate* is ad d ed at the beginning of the experim ent (Fig. 2B ) th e Hill reaction rate also declines d uring illu m in atio n , b u t the inhibition appears to be less severe. In this case only a dark interval is sufficient to restore th e original Hill reaction rate. These results are c o m p a rable with data given by G ood [1] and by S tem ler [16] and dem onstrate th at the reactiv atio n o f th e Hill reaction in the presence o f fo rm ate is d e p e n dent on the presence o f b ic arb o n ate* . Fig. 3 show s the reactivation o f the (initial) Hill reactio n by various bicarbonate* concentrations in ch lo ro p lasts th at were inactivated in the light in th e presence o f form ate as shown in Fig. 2A . F ro m th e L inew eaver- Burk plot we calculated an ap p aren t reactivatio n constant (K ' r) o f 0.95 mM N a H C 0 3, w hich is ab o u t the sam e as reported before [10, 11, 17] , As in the latter experim ent chloroplasts were used th a t w ere inactivated by incubation w ith form ate at low p H in the dark, the m ethod o f deactivation does not seem to affect the reactivation o f the Hill reaction by bicarbonate*. T he m ain difference betw een the tw o m ethods is a m uch low er rate o f electron flow w hen chloroplasts are treated at low pH in the dark. T he low pH treatm ent yielded rates o f fully reactivated Hill reaction o f at m ost 50 pm ol 0 2/m g Chi • h, while at pH 6.5, treatm en t in the light, rates can be obtained o f 120 pm ol 0 2/m g Chi • h.
We have m easured the in h ib itio n o f the Hill reaction by form ate at several b ic arb o n ate * co n centrations in o rd er to see if and at w hat concen tration b icarbonate* is able to p rev en t the in h ib i tion o f electron flow by form ate d u rin g prolonged illum ination. P relim inary results (Fig. 4) show th a t even in the presence o f 20 mM b icarb o n ate* the reactivation o f the Hill reactio n is less th an 25%. Therefore we assum ed th at th e a p p a re n t reactiv a tion constant (K'r = [b icarb o n ate* ] at 50% reactiv a tion) is greater th an 20 mM b ic arb o n ate * in the presence o f 100 mM form ate d u rin g illu m in atio n . U nder sim ilar conditions K \ ap p e ars to be 1 -3 mM bicarbonate* in the d ark [10, 11, 17] , and th erefo re we conclude th at K \ is ab o u t an o rd e r o f m ag n itu d e higher in the light th an in the dark. T he value o f K \ is dependent on the form ate co n cen tratio n [ 1 1 ] and is about 0.15 mM b icarb o n ate* in th e presence o f 2 mM form ate in darkness. If, u n d e r these co n d i tions, K'r is also an o rd er o f m a g n itu d e higher after prolonged illum ination, then K [ w ould be ab o u t 1.5 mM in the light or, alternatively, less th an 2 mM form ate w ould be n eeded to cause 50% in h ib itio n in the presence o f 0.15 mM b ic arb o n ate *.
These sim ple calculations m erely indicate th at linear electron flow m ight be in h ib ite d significantly by form ate concentrations less th an 1 mM d u rin g prolonged illum ination at physiological bicarbonate * concentrations.
